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Abstract

This dissertation presents a measurement of the top quark mass by application of
the Dalitz-Goldstein method to dilepton ¢t events. The events were produced by
the Tevatron Collider at Fermi National Accelerator Laboratory (Fermilab) via pp
collisions with /s = 1.8 TeV. The dilepton event sample was extracted from 109
pb™! of data collected by the Collider Detector at Fermilab (CDF) from August 1992
to July 1995. The sample contains a total of 9 candidate events, 2.4 of which are
expected from background. Included in the dilepton final state are two neutrinos,
which elude detection. This analysis constrains the problem by assuming an initial
value for the top quark mass and solving for the neutrino momenta via a geometrical
construction developed by D.H. Dalitz and G. Goldstein. The top quark mass is
sampled over a wide range of possible values and the most likely mass consistent with
the data is chosen via a likelihood function. An important distinguishing feature of
this mass fitting technique is its lack of dependence on missing transverse energy, a
kinematic variable that is poorly measured by experiment. This analysis determines

the top quark mass to be M,,, = 157.1£10.9(stat.) 53 (syst.) GeV/c?.

v



Acknowledgements

First and foremost I would like to thank my advisor and friend Professor Krzysztof
Sliwa for suggesting this challenging but rewarding research project and for sharing
his wealth of knowledge and experience to make the completion of this analysis pos-
sible. His genuine enthusiasm and dedication to the field of experimental particle
physics have been continuous sources of inspiration for me. Secondly, I wish to thank
Professor Tony Mann for enabling me to obtain valuable hardware experience through
employment on projects related to the Soudan Underground Laboratory and the AT-
LAS detector at CERN. Thirdly, I would like to thank Professor Jack Schneps for
officially approving my research assistantship at Tufts. I also wish to thank the rest
of the Tufts high energy physics teaching staff, including Professors Austin Napier,
Gary Goldstein, Rick Milburn, Bill Oliver and Thomas Kafka, for furthering my
knowledge of the field through courses, lectures and friendly conversation. Outside of
high energy physics I value education received from Professors Larry Ford, Tanmay
Vachaspati, David Weaver and the late Professor Howard Sample. I wish to thank
Larry McMaster and the rest of the Tufts high energy physics machine shop staff for
teaching me something practical and trusting an absent-minded professor with some
of their machines. Special thanks to secretaries Waltye Greene, Jackie DiMichele and
Rita Fleischer for gracefully and efficiently smoothing out the various administrative
problems that inevitably befall an off-campus graduate student.

It has been a pleasure becoming acquainted with all my fellow graduate students
in the Tufts high energy physics department. I wish to thank my colleague Henry
Tom for being an invaluable partner in the building of prototype drift tubes for the
ATLAS project and a good friend ever since. I would like to thank my colleague Dan
Wall for always sharing his knowledge about physics related matters, including some
valuable tips about LaTex that were needed to construct this document. I also wish to
thank my office partner in the CDF trailers, David Dagenhart, for several worthwhile
exchanges of ideas and for answering any questions I have had about UNIX, C++
and Objectivity. Thanks are also due to William Leeson for introducing me to PAW
and other essential physics tools when I was still a young pup in the world of high
energy physics. I would like to acknowledge all the Tufts physics graduate students
outside of high energy physics that I have had the pleasure of meeting, including my



friend Rohit Pappu who was the first to encourage me to migrate from VMS and
Fortran to UNIX and C++.

At Fermilab I wish to thank all the members of the CDF Top Group for their
inciteful questions and helpful suggestions during the blessing process of this analysis.
[ would especially like to thank Top Group co-convener Luc Demortier for constructive
and unbiased criticism of this analysis that was essential for getting it blessed. I also
wish to thank Mark Kruse for both directly and indirectly providing information
about event selection efficiencies and background events necessary for the completion
of chapter 4 of this document. Thanks are also due to Rob Roser for inviting me to
present blessed top mass results at the April 1998 APS meeting. I wish to give special
thanks to my colleague Simona Rolli for encouraging me to participate in the Run
IT database management system proposal and for always answering any questions I
have had about Objectivity and other physics related matters. To all of the people
at CDF that [ have had the pleasure of meeting in one capacity or another I value
our acquaintanceship and only regret not having taken the time to get to know some
of you better.

On a personal note, I would like to thank Kelly and Claudia for continuing to be
my best friends and Hana for continuing to be my favorite godchild. Special thanks to
other related family and friends, especially Haruko and Don for always treating me as
one of their own. I wish to thank my sister Taina for her continued love and support
despite our spatial separation of thousands of miles. Last but certainly not least I
would like to express deep gratitude to my parents, without whose love, support and

encouragement this dissertation would not be possible.

vi



Table of Contents

Abstract
Acknowledgements
List of Tables

List of Figures

1 Introduction
1.1 Constituents of Matter and Interactions . . . . ... ... ... ....
1.1.1 Leptons and Quarks . . . . . . ... ... ... .. .. ... ..
1.1.2 Gauge Bosons . . . . . .. ...
1.1.3 The Standard Model . . . . . . . .. ... ... ... ...
1.2 The Top Quark . . . . . . . .. .. .
1.2.1 Production and Decay . . . . . . . . .. ... ... ... ....
1.2.2  History of Discovery . . . . . .. .. ... ... ... ......

2 Experimental Apparatus
2.1 Particle Acceleration . . . . . . .. ..o
2.2 CDF Detector . . . . . . . . .
2.2.1 Tracking Chambers. . . . . . .. .. ... ... ... ...
2.2.2 Calorimeters . . . . . . . . ...
2.2.3 Muon Detectors . . . . . ...
2.2.4 Luminosity Measurement . . . . . . ... .. ... .......

2.3 CDF Triggers . . . . . . . o0 e

3 Jet Energy Corrections
3.1 Jet Reconstruction Algorithm . . . . . .. ... ... ... ......
3.2 Standard Jet Energy Corrections . . . . . . .. ... ... ... ....
3.3 Jet Energy Corrections for Dilepton Events . . . . . . ... ... ...

4 Dilepton Event Selection
4.1 Electron Selection Cuts . . . . . . .. ... ... ... ... .. ....

vil

iv

xiv

O O = W N

16
16
19

24
24
26
26
29
31
33
34

37
37
37
40

44



4.2
4.3
4.4
4.5
4.6

4.7

Top
5.1
5.2

5.3
5.4
5.5

5.6
5.7
5.8

Muon Selection Cuts . . . . . . . . 46

b-Tagging Algorithms . . . . . . . . .. .. ... ... ... ... ... 48
Event Selection Cuts . . . . . .. . .. ... . oo 52
Event Selection Efficiencies . . . . . ... ... ... ... ... ... 54
Background Events in the Dilepton Channel . . . . . . . ... ... .. o7
4.6.1 WHTW™ 58
4.6.2 Drell-Yan . . . . . ..o 59
463 Z° = TtrT o 60
4.6.4 Db ... 61
4.6.5 Fakeleptons . . ... ... ... ... ... 62
4.6.6 Mismeasured Muon Tracks . . . . ... .. ... ... .. ... 63
467 WEZ%and Z°Z2° . ..o 63
4.6.8 Other Backgrounds . . . . . . ... ... ... 0L 64
4.6.9 Summary of the Background Sources . . . . . . ... ... ... 66
Dilepton Event Data Sample . . . . ... ... ... ... ....... 66
Quark Mass Determination 68
The Initial Problem . . . . . ... . ... ... oL 68
The Dalitz-Goldstein Method . . . . . . . ... .. .. ... ... ... 69
5.2.1 Choice of Constraints . . . . . . . ... ... .. .. ...... 69
5.2.2  Geometrical Construction . . . . . . .. ... ... ... .. .. 70
5.2.3 Likelihood Technique . . . . . . .. . ... ... ... ...... 71
Data Sample . . . . .. . . .. ... 75
Joint Likelihood Method . . . . . . . .. .. .. ... .. ... .. 77
Preliminary Monte Carlo Studies . . . . . . .. ... .. .. ... ... 80
5.5.1 Monte Carlo Event Samples . . . . . ... .. ... ....... 81
5.5.2 Relative Likelihood Factors . . . . . ... ... ... ... ... 82
5.5.3 Studies Using Jet-Parton Matching . . . . . . . ... ... ... 82
5.5.4 Mapping Function . . . . . ... ... ... .. L. 86
5.5.5 Effect of Background Events . . . . ... ... ... ...... 90
Application to Run 1 Data . . . . . .. . ... ... ... ... ... 93
Statistical Errors . . . . . . .. oo 95
Systematic Errors. . . . . . . ... o 102



5.8.1
5.8.2
5.8.3
5.8.4
2.8.5
2.8.6
5.8.7
5.8.8
2.8.9
5.8.10

Jet Energy Scale . . . .. .. ... oo
Final and Initial State Radiation . . . . . ... ... ... ...
Monte Carlo Generators . . . . . . ... ... ... .......
Parameterization of Mapping Function . . . . . . ... .. ...
Structure Functions for Event Generation . . . . ... ... ..
Structure Functions for Fitter . . . . . . . .. .. ... .. ...
Background Sources . . . .. ... oo
Parameterization of Background Induced Mass Shift . . . . . .
Top Quark Polarization . . . . ... ... ... .. .......
Total Systematic Error. . . . . . .. ... ... .. L.

6 Conclusions
6.1 Final Results . . . . . . . . . .
6.2 Checking the Method . . . . . ... ... ... ... ... .. ..

6.2.1
6.2.2
6.2.3

Blind Test . . . . . . . . .. ...
Application to Lepton+Jets Events . . . . . .. ... ... ...
Other Cross Checks . . . . . ... ... .. ... ........

6.3 Comparison to Other Methods . . . . . . ... ... ... .......

6.3.1
6.3.2
6.3.3
6.3.4
6.3.5

Appendix A.
Appendix B.

Appendix C.

Bibliography

Kinematical Distributions . . . . . . .. .. .. ... ... ...
Invariant Mass of Charged Lepton and b Quark . . . . . .. ..
Neutrino Weighting Method . . . . . . . . ... ... ... ...
Modified MINUIT Fitter . . .. .. ... ... ... ... ...
Distinguishing Features of the Dalitz-Goldstein Method

CDF Coordinate System
CDF Kinematic Variables

Uncertainty on the Mean

X

114
114
114
114
115
119
119
122
123
124
127

. 129

131

133

135

136



1.1
1.2
1.3
2.1

3.1
3.2
3.3

4.1
4.2
4.3
4.4
5.1
5.2
5.3
5.4
6.1
6.2

List of Tables

Standard Model lepton generations. . . . ... .. ... .. ... ...
Standard Model quark generations. . . . . . ... ... ... ... ..
Decay modes and branching ratios for a tf pair. . . . . . .. ... ...
Properties of the calorimetry components used by the Run 1 CDF
detector. . . . . . . oL
Fitted DLJSCO parameters for a top quark mass of 170 GeV/c?. . . .
Mean and R.M.S. of R for a top quark mass of 170 GeV/c?. . . . . . .
Fitted parameters of mass dependent quadratic functions utilized by
DLJSCO. . . . . e
Electron selection requirements for the CDF dilepton event analysis. .
Muon selection requirements for the CDF dilepton event analysis. . . .
Efficiencies for the Run 1B dilepton event selection cuts. . . . . . . ..
Expected background for the dilepton event sample of Run 1. . . . . .
Variation of pull distribution width with number of data events.

Jet energy scale uncertainties for M, = 160 GeV/c% . . ... ... ..
Mass shift due to background fluctuations. . . . . . . . ... ... ...
List of Systematic Errors (M, = 160 GeV /c? and Hy cut applied).
Top quark mass results using different mapping functions. . . . . . . .

Results of the fits to the double-tagged lepton+jets events. . . . . . .

. 113

115
118



1.1

2.1
2.2
2.3
2.4
2.5
2.6
4.1
5.1
5.2
5.3
5.4
3.5
5.6
5.7
5.8
5.9
5.10

5.11

5.12
5.13

List of Figures

Feynman diagram showing ¢f pair production via ¢¢ annihilation and
the possible Standard Model decay channels for the ¢t pair. . . . . . .
Fermilab’s Run 1 particle accelerator (looking south). . . . ... ...
A cross-sectional view of one quadrant of the Run 1 CDF detector. . .
Schematic of an SVX module. . . . . . ... .. o000
Cross-sectional view of the Central Tracking Chamber. . . . . . . . ..
The ¢ — n segmentation of 1 octant of the CDF calorimetry. . . . . . .
A track passing through the 4 layers of a muon drift chamber. . . . . .
Schematic of a secondary vertex from b quark decay. . . . ... .. ..
Three superimposed versions of the function P(Xy). . . . . . . .. ..
Combination likelihood distributions for data event 41540_127085.

Combination likelihood distributions for data event 45047_104393.

Combination likelihood distributions for data event 63700-272140.

Combination likelihood distributions for data event 57621.45230. . . .
Combination likelihood distributions for data event 66046_380045.

Combination likelihood distributions for data event 69808_639398.

Combination likelihood distributions for data event 67581_129896.

Best combination likelihood distributions for each data event. . . . . .
Joint likelihood distributions obtained from the data sample with (a)
no constant value added to the zero entry bins and (b) a small constant
value added to the zero entry bins. Gaussian fits to the distributions
are also displayed, along with their mean and sigma values. . . . . ..
Reconstructed top quark mass vs. HERWIG Monte Carlo top quark
mass for (a) ”correct” jet-lepton combinations, (b) "flipped” jet-lepton
combinations and (c¢) "wrong” jet-lepton combinations, using lepton
kinematics taken directly from Monte Carlo. . . . . . . .. .. .. ...
Distributions of reconstructed M, obtained from pseudo-experiments. .

The mapping function and its corridor of errors. . . . . ... ... ..

xi

84

85
87



5.14

5.15

5.16

5.17

5.18

5.19

5.20

Reconstructed top quark mass vs. HERWIG Monte Carlo top quark
mass for (a) ”correct” jet-lepton combinations, (b) ”flipped” jet-lepton
combinations and (c) "wrong” jet-lepton combinations, using lepton
kinematics determined by the top mass fitter. . . . . . . .. ... ...
Shifts in reconstructed top mass when 1 out of 8 pseudo-experiment
events used to form each joint likelihood distribution is a W/~ event.
From left to right the plots refer to HERWIG Monte Carlo top quark
masses of 130, 160 and 220 GeV /c?, respectively. Gaussian fits to these
histograms are also shown, along with their means and sigmas.
Parameterization of the mean mass shifts for Monte Carlo top quark
masses of 130, 140, 150, 160, 170, 180, 190 and 220 GeV/c?, when 1
out of 8 pseudo-experiment events used to form each joint likelihood
distribution is a WTW ™ event. The left-hand plot uses the means of
Gaussian fits to the mass shift distributions. . . . . . . . ... ... ..
Shifts in reconstructed top mass when 2 out of 9 pseudo-experiment
events used to form each joint likelihood distribution are W~ events.
From left to right the plots refer to HERWIG Monte Carlo top quark
masses of 130, 160 and 220 GeV/c?, respectively. Gaussian fits to these
histograms are also shown, along with their means and sigmas.
Parameterization of the mean mass shifts for MC Monte Carlo top
quark masses of 130, 140, 150, 160, 170, 180, 190 and 220 GeV/c?, when
2 out of 9 pseudo-experiment events are W*1W ™ events. The left-hand
plot uses the means of Gaussian fits to the mass shift distributions. . .
Joint Likelihood distribution for Run 1 dilepton data events when the
Hp cut has been applied. . . . . . .. .. ... .. ... ........
The mapping function derived from HERWIG Monte Carlo pseudo-
experiments and its intersection with the mean mass of the joint likeli-
hood distribution constructed from data. The 4+ 1 o lines of the joint

likelihood distribution are also shown. . . . . . . . . . . .. ... ...

xii

91

93



5.21

5.22

5.23

5.24

5.25

5.26

5.27

5.28

5.29
5.30

R.M.S. values of joint likelihood distributions that were constructed
from 7-event pseudo-experiments generated by HERWIG Monte Carlo
using top quark masses of (a) 140 (b) 150 (c) 160 and (d) 170 GeV /c2.
Gaussian fits to these histograms, along with their means and sigmas,
are also displayed. . . . . . ... .. ...
Linear parameterization of the mean R.M.S. values of joint likelihood
distributions for pseudo-experiments generated by HERWIG Monte
Carlo over the top quark mass range: 130 < MM® < 220 GeV/c%. . . .
Using the mapping function derived from HERWIG Monte Carlo events
to correct the statistical error. . . . . . . . ..o
Application of the complete mass fitting technique, including mapping
function corrections, to a set of 8-event pseudo-experments generated
by HERWIG Monte Carlo using a top quark mass of 160 GeV/c?.

Application of the complete mass fitting technique, including mapping
function corrections, to a set of 4-event pseudo-experments generated
by HERWIG Monte Carlo using a top quark mass of 160 GeV/c?.

Application of the complete mass fitting technique, including mapping
function corrections, to a set of 7-event pseudo-experments generated
by HERWIG Monte Carlo using a top quark mass of 160 GeV/c?.

Application of the complete mass fitting technique, including mapping
function corrections, to a set of 10-event pseudo-experments generated
by HERWIG Monte Carlo using a top quark mass of 160 GeV/c?.

Application of the complete mass fitting technique, including mapping
function corrections, to a set of 16-event pseudo-experments generated
by HERWIG Monte Carlo using a top quark mass of 160 GeV/c?.

Mass shift due to jet energy uncertainty as a function of top mass.

Best combination likelihood distributions for pseudo-experiments using
two different types of structure functions in the mass fitter. MRSDO
structure functions were used for the distributions in the left-hand
column. The right-hand column shows the same pseudo-experiments

when Duke-Owens structure functions were used in the fitter. . . . . .

xiil

. 100

. 101

. 102

. 103

. 104
. 106



6.1

6.2

6.3

6.4

6.5

Distribution of top quark masses reconstructed from the CDF blind

sample using a mapping function derived from HERWIG Monte Carlo

Distribution of top quark masses reconstructed from the CDF blind

sample using a mapping function derived from PYTHIA Monte Carlo

Application of the complete mass fitting technique, including mapping
function corrections, to a set of 8-event pseudo-experments generated
by HERWIG Monte Carlo using a top quark mass of 150 GeV/c?.

Application of the complete mass fitting technique, including mapping
function corrections, to a set of 8-event pseudo-experments generated
by HERWIG Monte Carlo using a top quark mass of 170 GeV/c?.

Reconstructed top quark mass distribution R.M.S. vs. average joint
likelihood distribution R.M.S. for 8-event pseudo-experiments gener-

ated by Herwig Monte Carlo using a top quark mass of 160 GeV/c?.

Xiv

. 120

. 121

. 122



Measurement of the Top Quark Mass by
Application of the Dalitz-Goldstein Method
to Dilepton Events



Chapter 1

Introduction

This dissertation describes a measurement of the top quark mass by application of
the Dalitz-Goldstein mass fitting technique to dilepton channel data events. Chapter
1 gives a brief description of the most simple and successful theoretical model that
incorporates the elementary building blocks of matter and their associated forces of
interaction. The top quark’s importance in this model, its production mechanism,
its decay modes and its history of discovery are also presented. Chapter 2 describes
the experimental apparatus used to produce and detect the data events used by this
analysis. Chapter 3 discusses standard algorithms designed to reconstruct and correct
the kinematics of jets in the data events. Chapter 4 outlines a standard procedure
to extract dilepton events from the reconstructed data events. The efficiency for this
procedure is also presented. Potential remaining sources of signal contamination are
described and the expected levels of these background events in the final data set
are quantified. The main analysis is presented in chapter 5. The Dalitz-Goldstein
method, the likelihood technique, the use of Monte Carlo simulations, the treatment
of background events, and the calculation of statistical and systematic errors are fully
described. In chapter 6 the final results are summarized and some consistency checks
of the method are presented. In addition, four other dilepton channel mass fitting
techniques are briefly described and their results are presented. The dissertation
concludes by summarizing the distinguishing features of the Dalitz-Goldstein method.

All measurable quantities presented in this document will be expressed via the sys-
tem of "natural” units, which are the most convenient units for quantifying typical
dimensions encountered in the study of particle physics. In this system all measure-
ments are expressed in units of GeV, ¢ and h = h/27w, where ¢ is the speed of light
in vacuum and h is Planck’s constant. Therefore, unlike the system of MKS units,
which describes measurable quantities in units of length, mass and time, the system
of natural units expresses measurements in units of energy, velocity and angular mo-
mentum. Since ¢ = i = 1 in natural units, these symbols will not appear in any
of the formulae presented in this dissertation. However, they will be used whenever

measurements are quantified.



1.1 Constituents of Matter and Interactions

According to the Standard Model, which is presently the most popular and experi-
mentally tested theory of particle physics, all matter is composed of two families of
fermions (i.e. particles with half-integer spin) called leptons and quarks. These fermi-
ons are the smallest known constituents of matter. The electron is an example of a
lepton, while protons and neutrons are composite particles consisting of two different
types of quarks.

Leptons and quarks interact with each other via the exchange of bosons (i.e. par-
ticles of integer spin) called gauge bosons. At sufficiently low exchange energies these
interactions have four distinct manifestations: the strong, electromagnetic, weak and
gravitational forces. The strong force is attractive and short range. It is responsible
for the binding of protons and neutrons to form atomic nuclei. The electromagnetic
force between two particles is directly proportional to the product of their electric
charges and is inversely proportional to the square of their spatial separation. It is
attractive (repulsive) if the particles have opposite (the same) signs of electric charge.
This force is responsible for the binding of electrons to nuclei to form atoms. The
electromagnetic force is weaker than the strong force by approximately two orders
of magnitudem, which explains why protons bind to form nuclei despite the elec-
tromagnetic forces of repulsion between them. The weak force is short range and
approximately five orders of magnitude smaller than the strong force. It is respon-
sible for such processes as neutron decay and the expected decay modes of the top
quark (see section 1.2.1). The gravitational force between two particles is directly
proportional to the product of their masses and inversely proportional to the square
of their spatial separation. Unlike the electromagnetic force, gravity is purely at-
tractive. Nomenclature is deceiving, as the gravitational force is weaker than the
so-called weak force by approximately 37 orders of magnitude. While its cumulative
effects become significant for bodies with astronomical mass like our earth, gravity
can be ignored for interactions between high energy subatomic particles.

This section gives a brief description of leptons, quarks and gauge bosons and
concludes by showing how they are accommodated by the Standard Model. In all
discussions below it will be assumed that for every type of particle there exists an

"antiparticle”, which has the same mass as its associated particle but whose quantum



numbers (e.g. electric charge) are of opposite sign. When a particle and its associated

antiparticle collide they annihilate each other by creating a gauge boson.

1.1.1 Leptons and Quarks

Leptons have spin 17 and can be categorized into two groups: The charged lep-
tons (I) and the neutrinos (v). Charged leptons have electric charge —e, where
e~ 0.303 (hc)l/z. These leptons can experience both electromagnetic and weak forces.
The electron (e”) is the lightest charged lepton, with a mass of m, = 5.11x10~*
GeV/c?. The next heaviest charged lepton is the muon (x ), whose mass is m, =
0.105 GeV/c?. One additional charged lepton called the tau lepton (7~) has been
discovered, with a mass of m, = 1.78 GeV /c?. Unlike the electron, the muon and the
tau lepton are unstable and quickly decay into other particles. Neutrinos are elec-
trically neutral particles that are massless within the accuracy of almost all current
measurements (results of recent searches for finite neutrino mass can found in refer-
ences [2] and [3]). Neutrinos do not participate in processes that involve the strong
or the electromagnetic force. They do participate in weak processes, and due to some
experimentally observed conservation laws in these processes, neutrinos must exist in
three types: the electron neutrino (v,), the muon neutrino (v,) and the tau lepton
neutrino (v, ), each type being associated with one of the charged leptons. Therefore,
the leptons are naturally grouped into the three ”generations” shown in table 1.1.

The antileptons are represented symbolically by e (usually called the ”positron”),
+

pwt, Tt v, v, and v,
Generation: [ II III Electric Charge
e u T —€
e Uy Vs 0

Table 1.1: Standard Model lepton generations.

Like leptons, quarks (¢) have spin $5. The Standard Model postulates that quarks
exist in six different ”flavors” called up (u), down (d), strange (s), charm (¢), bottom
(b) and top (t). These flavors are listed in order of increasing mass, with the masses of
the first five flavors ranging between 0.02 and 4.5 GeV/c? (see reference [4] for details

about the measurements of these masses). While the exact determination of the top
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quark mass is the subject of this dissertation, a lower limit of 131 GeV/c? was already
placed on it in 1994 (see section 1.2.2) making it at least 29 times larger than the
next heaviest quark mass. The antiquarks (¢) exist in six ”antiflavors” represented
symbolically by @, d, 5, ¢, b and £. Quarks are the building blocks of particles called
hadrons, of which there are two types: baryons and mesons. They are distinguished
by the combination of quarks (called ”valence” quarks in this context) that give them
their identity. Baryons are bound states of three quarks and are therefore fermions.
Some examples are the proton, which consists of two u quarks and a d quark, and
the neutron, which consists of a u quark and two d quarks. Mesons are bound states
of a quark and an antiquark and are therefore bosons. An example of a meson is
the 7% meson, which consists of a d quark and a d quark. Since the proton and the

+

7 meson have electric charge +e and the neutron is electrically neutral, the quark

charges must be fractions of e. The u, ¢ and t quarks have electric charge +§e while
the d, s and b quarks have charge —%e. All signs are reversed for the associated
antiquarks. The ¢, s, b and ¢ quarks are highly unstable and quickly decay into other
particles. Therefore, all stable hadrons consist entirely of v and d quarks. Particles
containing the other quarks must be created in the lab.

In order to fit all observed hadrons into the quark scheme, while still satisfying
Fermi statistics for fermions and excluding states that have never been observed, each
flavor of quark is postulated to possess a quantum number called ”color” that can
have three different states: red (R), green (G) and blue (B). Similarly, antiquarks
can have the color quantum numbers: antired (R), antigreen (G) and antiblue (B).
These quantum numbers are defined so that a RG B quark combination, a RG B quark
combination or a combination of any color quark with its corresponding anticolor
quark leads to a so-called ” colorless” particle. All observed hadrons are required to be
colorless so that each quark in a baryon must have a different color and each meson
must consist of color-anticolor quark combinations. This requirement is consistent
with experimental results and accommodates the fact that single quarks have never
been observed in nature.

In analogy to leptons, the quark flavors are arranged into the three generations

shown in table 1.2. The motivation for this scheme will become clear after the dis-

cussion of weak forces and the CKM matrix in section 1.1.2.



Generation: I II III Electric Charge
u ¢t +(2/3)e
d s b —(1/3)e

Table 1.2: Standard Model quark generations.

1.1.2 Gauge Bosons

According to quantum field theory, all observed forces are the result of the emission
and reabsorption of particles called gauge bosons by the fundamental constituents of
matter. Since leptons and quarks have half-integer spin the gauge bosons must have
integer spin to conserve angular momentum.

The electromagnetic force is experienced by electrically charged particles and is
mediated by a massless gauge boson with spin 7, called the photon (7). When
an electrically charged particle emits a photon it recoils to conserve momentum.
Since the energy of the particle must also be conserved, the photon can only live
within a finite time interval allowed by the Heisenberg uncertainty principle. For this
reason, all gauge bosons are virtual. The photon will subsequently be reabsorbed
by another charged particle, causing this particle to recoil too. The net effect is the
observed electromagnetic repulsion (or attraction) between two charged particles. The
electromagnetic force can be experienced by the charged leptons and all six flavors of
quarks. The complete theory of subatomic electromagnetic interactions is referred to
as quantum electrodynamics (QED).

Hadrons experience the strong force because their constituent quarks possess color.
In analogy to electric charge, which creates an electric field, ”color charge” creates
a "color field”. However, when two quarks interact strongly they actually exchange
color. This process is mediated by the exchange of massless gauge bosons with spin
h called gluons (g). To conserve color gluons must have color too, but in specific
combinations of a color and an anticolor. For example, a G quark can change into a
R quark by exchanging a RG gluon with a R quark which itself will turn into a G
quark. There are eight types of gluons, each type corresponding to a different possible
color-anticolor combination. Since gluons possess color they can interact with other
gluons. There is no analogy to this phenomenon in electromagnetic interactions, since

photons are electrically neutral.



Unlike the electromagnetic force, which decreases with increased separation be-
tween the interacting particles, the color force actually increases with increased sepa-
ration. This property confines the quarks to composite colorless objects and explains
why free quarks are never observed in nature. For instance, when a quark and an anti-
quark separate, the potential energy between them eventually becomes large enough
to produce a new ¢q pair. This process continues until the energy for producing
such pairs is depleted and there exists two separate beams, or ”jets”, of low inter-
nal energy ¢q pairs moving in the same respective directions as the original gq pair.
It is the hadrons formed from these colorless ¢¢ pairs, not the quarks themselves,
that are detected experimentally. The original quark and antiquark are said to have
"hadronized” into two ”jets”.

The complete theory of color interactions is referred to as quantum chromody-
namics (QCD). According to QCD, the valence quarks of a hadron radiate a so-called
"sea” of gluons and virtual gq pairs that are in a state of continuous creation and an-
nihilation. Therefore, quarks and gluons are often referred to collectively as ”partons”
since they each form part of a hadron.

The weak force can be experienced by all leptons and quarks and is mediated by
the exchange of massive gauge bosons with spin A called weak bosons. Upon emission
of certain types of weak bosons, a lepton (quark) can transform into another type of
lepton (quark). These transformations always result in an electric charge difference
of e between the particle states before and after weak boson emission. Therefore,
a ”charge-lowering” (”charge-raising”) transformation must be accompanied by the
emission of a weak boson of charge +e (—e). These two bosons, which form a particle-
antiparticle pair, are called the W' and W~ bosons. The arrangement of leptons into
the three generations shown in Table 1.1 is motivated by the experimental observation
that leptons only transform within their own generations (a law that is expected to
be broken if neutrinos have finite mass). For quarks, inter-generational charge-raising
and charge-lowering transformations are allowed. However, transformations are much
more likely to occur within generations than across generations. These probabilities
are summarized nicely by the Cabibbo-Kobayashi-Maskawa (CKM) matrix, which

has the form[5]



Via| = 0.9751 4 0.0006 [V,s| = 0.2215+0.0025 |V,,| = 0.0035 = 0.0015
Vo= | |V = 022140003  |V,,] = 0.9743 +£0.0007 |V,| = 0.041 = 0.005
Via| = 0.009+0.005  [Vi] = 0.0404+0.006  |Vy| = 0.9991 + 0.0002

For example, this matrix shows that an up quark is |V,4|?/|Vus|* ~ 20 times more
likely to transform into a down quark than into a strange quark upon emission of a
W™ boson. In addition to the charge-raising and charge-lowering weak interactions
(which will be referred to collectively as ”charge-changing” weak interactions), there
is a third type of weak interaction that is mediated by an electrically neutral gauge
boson called the Z° boson. Experiments suggest that particle transformation is not
possible in this type of weak process. In fact, the CKM matrix was designed to forbid
all quark flavor-changing neutral currents.

Using the Klein-Gordon equation it can be shown that the range of a force is
inversely proportional to the mass of its associated gauge boson. The mass of the
W# bosons is My, = 80 GeV/c? and the mass of the Z° boson is My = 91 GeV/c?,
thus accounting for the weak force’s short range. The Standard Model postulates
that the observed disparity in strengths between the electromagnetic and weak forces
for low energy interactions is primarily due to the large masses of the weak bosons,
so that for gauge boson energies much greater than the weak boson rest energies the
two forces may merge into a single force called the electroweak interaction.

61 fermions exchange W bosons, which

Experiments show that only left-handed!
implies that at very high energies only negative (positive) helicity fermions (antifermi-
ons) decay via the charge-changing weak interaction. It follows that these interactions
are not invariant under either the parity operation, P (also known as space inversion),
or the charge conjugation operation, C' (which changes a particle into its antiparticle).
However, most charge-changing weak interactions are invariant under the combina-
tion of P and C operations. Subtle violations of C'P invariance have been observed
in some types of weak interactions, namely neutral kaon decays. To allow for such
violations the dimensions of the CKM matrix must be at least 3x3. This was one of
the original reasons for postulating a third generation of quarks, which includes the
top quark.

The gravitational force is presumed to be mediated by gauge bosons with spin 27,

called gravitons. However, the effects of these gauge bosons are negligible for high

energy subatomic particles.



1.1.3 The Standard Model

The Standard Model is a particle physics theory which postulates that all matter is
composed of quarks and leptons and that the fundamental forces of nature are medi-
ated by gauge bosons. To unify the electromagnetic and weak forces and account for
all observed fermion and gauge boson masses, while still keeping the theory renor-
malizable (i.e free from divergences), the Standard Model effectively introduces a new
hypothetical particle. The main features of the model are presented here.

In quantum field theory, interactions involving fermions and gauge bosons may be
represented by functions of space-time called Lagrangian densities. The Lagrangian
density, L, for a given process is defined so that the equation of motion for any fermion

or gauge boson participating in that process is given by:

0 oL oL
O, <8(8¢)/8xu)> BCIE ! (1.1)

where 1) is the wave function (field) of the given fermion (gauge boson). Many useful
physical quantities can be efficiently calculated from the Lagrangian density, including
decay rates, branching ratios and particle masses.

According to Noether’s theorem, for every type of continuous transformation that
leaves a given physical system’s equations of motion unchanged there exists a con-
served quantity. For example, requiring all physics experiments to be invariant under
translations in space leads to the conservation of linear momentum. Equation 1.1
implies that a sufficient condition for a system’s equations of motion to be invariant
under a given transformation is that its Lagrangian density remain unchanged. For
example, the QED Lagrangian density for a charged fermion of mass m in a photon

field, A, is:

L = P(iv"0, — m)Y — ep' QU A, — %FWFW (1.2)
where ¢ is the fermion’s wave function, F),, is the electromagnetic field strength
tensor and @ is the charge operator, whose eigenvalue is the electric charge (divided
by e) of the given fermion. The first term of £ leads to Dirac’s equation for a free
fermion of mass m and the remaining two terms lead to Maxwell’s equation for an
electromagnetic field, A,, in the presence of a four-vector current, j* = ey Q.

The second term of L is also interpreted as the interaction or ”coupling” between the



fermion and the photon field, where e is defined as the ”coupling strength” of the
electromagnetic interaction in this context. An interesting aspect of equation 1.2 is
that it can be derived by requiring that the Dirac equation Lagrangian density be
invariant under a ”gauge” (i.e. phase) transformation of the fermion wave function

given by:

Y — @)y, (1.3)

where «(z) is any function of space-time. Equation 1.3 is called a "local” (because «
depends on space-time) U(1), gauge transformation and the charge operator, @, is
called the generator of this transformation. Invariance of £ under this transformation
effectively ” generates” the photon field by requiring the presence of the coupling term
in equation 1.2. It is believed that the fields of all gauge bosons can be generated by
requiring some form of local gauge invariance.

The Standard Model’s Lagrangian density for electroweak interactions is moti-
vated by the experimental observation that these interactions are invariant under two
particular types of local gauge symmetry groups called weak isospin, SU(2), and
weak hypercharge, U(1)y. The subscript L reflects the fact that only left-handed lep-
tons and quarks experience the charge-changing weak force. Under SU(2),xU(1)y

transformations the particle wave functions transform as:

id(x)- T+iB(x) L

P — EOTHE@ g, (1.4)
(Y

Yr — ezﬂ(m)zl/)}z (1.5)

where @(z) and (z) are arbitrary functions of z, T = #T" +§T%+21? is the generator
of rotations in weak isospin space, and Y = 2(Q — T®) is the weak hypercharge
operator. The components of T are the Pauli spin matrices, multipied by % By

convention, the basis of the SU(2); representation is chosen as the eigenvectors of

the third component of T. These are the two component column vectors, < (1) > and

0 . . . . .
( 1 >, with eigenvalues, T = —i—% and T° = —%, respectively. ¢ is a doublet in
weak isospin space whose components are the left-handed components of the wave
functions of any two lepton or quark states that can transform into each other via

the charge-changing weak force. By convention, these doublets are constructed so
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that the top-most component (i.e. the component with 7% = +1) has the most
positive electric charge. To allow for inter-generational quark transformations the
T3 = —% components of ¢y, consist of linear combinations of the d, s, and b quark
wave functions, with coefficients determined by the CKM matrix. ¢y is a weak isospin
singlet with 7% = 0 and can be the right-handed component of any lepton or quark
wave function.

To yield the expected equations of motion for the fermion wave functions and the

gauge boson fields while still remaining invariant to SU(2);xU(1)y gauge transfor-

mations, the electroweak Lagrangian density must include the terms:

I o Y 1. o1 )
¢L7u(Zau_gT'Wu_glgBu)z/)L_Fz/)Rfy#(Zau_glgBu)z/)R_ZWm/'Wu —ZBW,B” (16)

where (Wu = in —H]Wﬁ +£’W3) and B, are the weak isospin and weak hypercharge
vector fields, respectively, g and ¢' are their respective coupling strengths (in analogy
to e in electromagnetic interactions) and the terms involving W,, and B, are kinetic
energy terms (analogous to the term containing F),, in equation 1.2). Now, W, and
Wﬁ can be expressed in terms of the charged weak boson fields, Wf Furthermore,
Wj and B, are related to the the electromagnetic field, A,, and the neutral weak

boson field, Z,, by the rotation:

A, = cosbyB, + smewwj (1.7)
A

, = —sinby B, + cosby W} (1.8)

where 6y, is the Weinberg angle (experimentally sin? fy, =~ 0.23). Therefore, equa-
tion 1.6 is almost completely analogous to the Lagrangian density for pure elec-
tromagnetic interactions given by equation 1.2. It only lacks required terms pro-
portional to the finite masses of the leptons and the weak bosons. Unfortunately,
simply adding mass terms like —m);1);, to the Lagrangian density will both destroy
its SU(2);,xU(1)y invariance and lead to divergences in the theory that cannot be
renormalized.

To generate the required mass terms, the Standard Model introduces an isospin

doublet, ¢, of complex scalar fields. The T3 = —i—% component of ¢ has electric charge
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Q =1andits T? = —% component is neutral, so that ¢ has weak hypercharge ¥ =
1. This new field is postulated to have a potential energy, V(¢), of the form:

V(9) = 12¢'¢ + A(o'9)’ (1.9)

where g and \ are arbitrary constants defined such that y? < 0 and A > 0. The
minimum value of V' (¢) will be satisfied by an SU(2);,xU(1)y invariant manifold of
points given by:

G
oo = -5 (1.10)

The Standard Model generates the weak boson masses by including the terms:

o o Y
|(i0y — gT- W), — g'gBu)cﬁlz — V(o) (1.11)

in the electroweak Lagrangian density and then perturbatively expanding ¢ about one
of the points for which V(¢) is a minimum. To assure that the photon field remains
massless, this point is chosen so that the charged component of ¢ is zero. Its neutral
component, v/v/2, is chosen to be real. By choosing a particular expansion point
in the SU(2);,xU(1)y invariant manifold of points, the SU(2);,xU(1)y symmetry is
effectively ”broken”. Now, since ¢ consists of four independent fields, a perturbative
expansion of ¢ about a given point will generally introduce four new fields: one with
finite mass and three with zero mass called ”massless Goldstone bosons”. However,
it is possible to make a local SU(2);, phase transformation of ¢ which eliminates the
massless Goldstone bosons and effectively introduces one new real scalar field to the
theory called the Higgs field, h(z). Its associated particle, which has zero spin, is
called the Higgs boson.

Conveniently, this same symmetry breaking mechanism may be used to generate
the lepton and quark masses by including additional terms in the Lagrangian density.

For example, the term that generates the v and d quark masses is:

—G4(, W)Lqﬁw}i% — G (Y, W)L@w}% + hermitian conjugate (1.12)

where 1" and ¢ are the respective wave functions of the u and d quark, ¢, = 2iT%¢*,

and G4 and G, are arbitrary parameters introduced into the theory to yield the
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experimentally observed masses of the quarks. The electroweak Lagrangian density
will contain similar terms for the other quarks and massive leptons.

Hence, with equations 1.6, 1.11 and 1.12, the complete Standard Model elec-
troweak Lagrangian density can be constructed. After expanding ¢, the masses of the
various particles, including that of the hypothesized Higgs boson, can be extracted
from terms that are quadratic in a single type of fermion wave function or gauge
boson field. The Standard Model predicts the weak boson masses exactly but it only
predicts the fermion masses up to the arbitrary constants G,, G4, etc and the Higgs
boson mass (M) up to the arbitrary constant A. There will be other terms that
contain combinations of different wave functions and fields. The coefficients of these
couplings can be used to calculate the decay rates of various electroweak processes.
For instance, the partial width for the Higgs boson to decay into a fermion with wave
function, f, and its associated antifermion is obtained from the expansion term with
field dependence, hf f. The coefficient of this term is proportional to m¢ /My, where
my is the fermion’s mass. Therefore, the Higgs boson couples only weakly to most
leptons and quarks. An exception to this rule is the Higgs coupling to the top quark
since this quark has a mass that is comparable and, in fact, larger than that of the
W+ bosons.

In quantum chromodynamics, the three different color states of the quarks form
a triplet representation of a symmetry group called SU(3)c, which contains eight
independent non-commuting generators, T,. The eight gluon fields, G}, are generated
by requiring the Dirac equation Lagrangian densities of the three different quark color
states, ¢;, to be invariant under SU(3)c transformations. The Lagrangian density
then takes the form:

. 1
L = q;(iv"0, —m)q; — g,(q7"Taq;) G} — ZGZ,,GQ“’ (1.13)
where the first term is the sum of the Dirac equation Lagrangian densities for the
three color states, the second term represents interaction terms summed over the
three color states and the eight gluon fields (g, being the QCD coupling strength)

and the third term is summed over kinetic energy terms for the gluon fields (the

a

tensors, G,

being analogous to F},, of QED). In analogy to QED, no symmetry

breaking mechanism is needed here since the gluon gauge bosons are massless.
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Although the gravitational force is elegantly described by the theory of general
relativity, it cannot be incorporated into the Standard Model in terms of gauge boson
exchange because gravity has never been successfully quantized. However, it is hoped
that a theory exists which combines the gravitational force with other forces in such
a way that quantization is possible.

Hence, the Standard Model describes the strong, electromagnetic and weak in-
teractions in terms of a SU(3)xSU(2),xU(1)y gauge invariant Lagrangian density
with three different coupling strengths: ¢,, ¢ and ¢’. Many of the predictions made
by the Standard Model have been successfully verified by experiment. An example
is the fine structure constant, o = e?/(4mhc), which is an asymptotic measure of
the electromagnetic coupling strength and can be used to calculate all other physical
quantities in QED, via perturbation theory. Theoretically, « is defined as the electro-
static repulsion energy of two electrons with spatial separation, i/mc, divided by the
electron rest energy. Experiments have yielded: o' = 137.0359895(61), which is in
good agreement with theory. In the electroweak sector, the Standard Model requires

the weak boson masses to satisfy:

1 e
My = = 1.14
W 2(sin9W)U (1.14)
My,
My = 1.1
27 cos Oy, (1.15)

Using empirically observed numbers for v and 6y, equations 1.14 and 1.15 yield
My = 775 GeV/c? and M, = 88.4 GeV/c?, respectively. The weak bosons were
discovered by CERN in 1983 and their most recently listed experimentally measured
masses are, My = 80.33+0.15 GeV/c? and M, = 91.18740.0007 GeV/c?, in good
agreement with theory. The Standard Model also requires:

My,
P MZcos?0y,

where p is a measure of the relative strength of the neutral and charge-changing weak

=1 (1.16)

interactions. Experimentally, p has been determined to be unity within an accuracy of
at least two decimal places. The Standard Model also makes several experimentally

verified predictions about electroweak decay rates, including the partial widths for
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the possible decay channels of the weak bosons. In short, the Standard Model’s
predictions are in impressive agreement with all experiments designed to test it thus
far.

Despite its strong agreement with empirical observations the Standard Model is
generally not regarded as the final answer. The reason for dissatisfaction with the
theory is that it includes several incomplete and ad hoc features. First, it assigns
three different unrelated coupling strengths to the strong, electromagnetic and weak
forces. Consequently, it is believed that the SU(3)xSU(2);,xU(1)y model must be
a subset of a larger gauge theory called the grand unified theory (GUT) that can
be described by a single coupling strength. Second, the Standard Model does not
incorporate gravity. For this reason, it is hoped that at high enough energies all four
forces can be unified into a single force. Third, the Standard Model does not explain
why the constituents of matter are divided into quarks and leptons, each with three
different generations. There are several models called supersymmetry (SUSY) theories
which attempt to predict these relationships. Fourth, the Standard Model’s symmetry
breaking mechanism introduces a new particle (the Higgs boson) whose mass can only
be measured up to an arbitrary constant. In fact, other symmetry breaking theories
generate multiple Higgs bosons. Finally, the Standard Model has a total of nineteen
completely arbitrary parameters which include the nine non-zero fermion masses, the
three coupling strengths (g, g, and ¢'), the two Higgs parameters (M and \), four
CKM matrix parameters and an additional QCD parameter. If neutrinos are proven
to have mass even more arbitrary parameters will enter the theory. Therefore, the
Standard Model is generally regarded as a very good low energy approximation to
a much larger undiscovered theory that successfully unifies all the laws of physics,
much like Newton’s laws of physics are a macroscopic approximation of the laws
of quantum mechanics and special relativity. More detailed information about the
Standard Model and related theories can be found in references [7], [8], [9], [10] and
[11].
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1.2 The Top Quark

The top quark is a spin 37 fermion with electric charge +Ze. According to the Stan-
dard Model, this quark is the 15 = % component of a third generation of weak isospin
quark doublets (see table 1.2). Since the discovery of the T3 = —% component of this
doublet (i.e. the bottom quark) the Standard Model has required the existence of
the top quark for two main reasons: First, it is needed to complete the construction
of the 3x3 CKM matrix so that flavor-changing neutral currents are suppressed and
CP violating processes like neutral kaon decays are allowed. Second, it is needed to
make the electroweak theory renormalizable by contributing terms that will cancel
unwanted contributions from the bottom quark. Knowledge of the top quark mass
(my) is important since it is one of the nineteen independent parameters of the Stan-
dard Model. For instance, m; is needed to determine the top quark’s coupling to the
Standard Model Higgs boson. It is also required for theoretical calculations of the top
quark’s total decay width, which can be compared with future experimental results
as another test of the Standard Model. Perhaps most importantly, m; is needed as
a parameter in global fits of electroweak precision measurements designed to predict
other Standard Model parameters, most notably M. This section describes the top

quark’s production and decay mechanisms and its history of discovery.

1.2.1 Production and Decay

The top quark events used by this analysis were produced by colliding protons (p)
with antiprotons (p) at center-of-mass energies of /s = 1.8 TeV. These pp collisions
normally result in low energy exchange scattering between the p and p constituent
partons. Top quark production is only possible in rare instances when the interacting
partons from a pp pair undergo large momentum transfer. For /s = 1.8 TeV and
m; > 100 GeV/c?, the top quark is predominantly produced in ¢¢ pairs, from a virtual
gluon which itself is produced by ¢¢ annihilation or gluon-gluon (gg) fusion. For
my; > 150 GeV/c?, ¢ annhilation is expected to be responsible for more than 80% of
tt production. The ¢t production cross section (oyz) is another important measurable
attribute of the top quark, as its deviation from Standard Model predictions would
signify unexpected production mechanisms and decay modes of the t¢ pair. (See
section 4.5 for a definition of ;7 in terms of experimental observables in the dilepton

channel.)
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The total top quark decay width increases with m;, and for top quark masses
above the lower limit of 131 GeV/c? the tf pair is expected to decay via the charge-
changing weak interaction before forming a meson bound state. According to the
CKM matrix, the t (#) quark will decay almost exclusively into a b (b) quark and
a W (W~) boson. The b and b quarks hadronize into jets while each of the W
bosons decay into either a lepton and its associated neutrino (”leptonic” decay) or
a qq pair allowed by the CKM matrix that subsequently hadronizes into two jets
("hadronic” decay). All possible decay modes and associated branching ratios for a
tt pair are shown in table 1.3, where the symbol ¢q signifies any quark-antiquark pair
(not including ¢ or ¢) that is allowed by the CKM matrix. The ¢t decay modes are

customarily grouped into three major categories called the all-hadronic, lepton+jets

and dilepton decay channels. This classification is also displayed in table 1.3.

Decay Mode Branching Ratio Decay Channel
tt—(qq'b)(qq'b) 36/81 All-hadronic
tt—(qq'b) (e .b) or (eT1,b)(qq'b) 12/81

tt—(qq'b) (1 v,b) or (1 v,b)(qq'b) 12/81 Lepton+jets
tt—(qq'b) (1~ ,b) or (71v.b)(qq'b) 12/81

tt—(eTveb) (1~ ,b) or (nFv,b)(e” vb) 2/81

tt—(eTvb) (7 v,b) or (t7v,b)(e”v,b) 2/81

tt—(utv,b) (77 ,b) or (7Tv,b) (" D,b) 2/81 Dilepton
tt—(e*v,b) (e v,b) 1/81

tt—(utv,b) (u ,b) 1/81

tt— (7 v, b) (1 v, b) 1/81

Table 1.3: Decay modes and branching ratios for a tt pair.

In the all-hadronic channel both W bosons decay hadronically so that the fi-
nal state will consist of six energetic jets. This channel has a large branching ratio
(~44%). After correcting for mismeasurement of jet energies by the detector (see
sections 3.2) the kinematics of the six jets in the final state can be used to recon-
struct the top quark mass by identifying the jets from b quark hadronization (see
section 4.3) and requiring that the ¢ and ¢ quark masses be equal. This channel
has the disadvantage of being heavily contaminated by higher order QCD multijet

production processes.
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In the lepton+jets channel one W boson decays hadronically while the other de-
cays leptonically. The branching ratio for this process is also approximately 44%.
However, decays involving the extremely short lived 7 leptons are not included in
standard searches so that the effective branching ratio for this channel is approxi-
mately 30%. A lepton+jets event must include an energetic charged lepton, which
makes it distinguishable from much of the multijet background events that obscure the
all-hadronic events. However, lepton+jets events are still contaminated by a smaller
class of QCD multijet events that include the direct production of a leptonically de-
caying W boson. This background is reduced by requiring the identification of at
least one jet from b quark hadronization. The final state of the lepton-+jets channel
must include a neutrino which, being uncharged, escapes detection. Therefore, only
one mass from the #¢ pair can be fully reconstructed from the final state kinematics.

In the dilepton channel both W bosons decay leptonically. Events involving 7
leptons are not included in standard searches so that the effective branching ratio
for this channel is only 5%. The dilepton channel has the additional disadvantage
of containing two undetected neutrinos, which makes top quark mass reconstruction
from raw data impossible. However, its final state also includes two highly energetic
charged leptons which makes it much more distinguishable from the QCD multijet
background events that plague the other two channels. Figure 1.1 shows a Feynman
diagram of ¢t pair production, via ¢ annihilation, followed by all possible tt decay
modes. The analysis presented in this dissertation uses top quark data events taken
exclusively from the dilepton decay channel.

In accordance with QCD, the quarks and gluons involved in the top quark’s pro-
duction and decay processes can spontaneously radiate gluons. This radiation is
divided into two categories called initial state radiation (ISR) and final state radi-
ation (FSR). ISR is defined to occur anytime before the ¢t pair decays, while FSR
is defined as radiation from the ¢t decay products. Both FSR and ISR lead to the
formation of additional jets in the final state. The number of these extra jets depends
partly on how jets are defined by the analysis (see section 3.1). Consequently, ISR
and FSR are a significant source of errors in the measurement of jet energies. Uncer-
tainty about the effects of ISR and FSR on ¢ final state kinematics must be included

as a systematic error in the determination of the top quark mass (see section 5.8.2).
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Figure 1.1: Feynman diagram showing ¢ pair production via ¢7 annihilation and the
possible Standard Model decay channels for the t¢ pair.

1.2.2 History of Discovery

Fermilab’s discovery of the bottom quark in 1977 and subsequent measurements of

12 helped trigger a series of vigorous searches for

its weak isospin quantum number!
the top quark. From the late 1970’s to the early 1990’s these searches served pri-
marily to set lower limits on the top quark mass. By the late 1980’s, experiments
performed at e*e” colliders like Tristan, SLC and LEP had placed a lower limit of
close to 50 GeV/c? on m,. Parallel searches for the top quark by the UA1 and UA2
experiments at CERN’s SppS pp collider (y/s = 630 GeV) resulted in a lower limit on
m, of approximately 70 GeV/c?. In 1992 the CDF collaboration at Fermilab’s Teva-
tron pp collider determined a lower limit of 91 GeV/c? on m, at the 95% confidence

13I14] - Thig result confirmed that the top quark is heavy enough to decay into

level
a b quark and a W boson. The lower limit on m, was increased to 131 GeV/c? in
1994 by Fermilab’s D0 collaboration 17,

In April of 1994 the first direct evidence of the top quark’s existence was presented
by CDF [16], using a data sample consisting of 19.3 pb~! of integrated luminosity. A
total of 52 candidate lepton-+jets events with 3 or more jets were identified. To reduce

contamination from W + jets background events, each lepton-+jets event was required
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to contain at least one jet identified by a b-tagging algorithm (see section 4.3). The
final lepton+jets sample contained 10 events, 6 of which had a b quark identified
by the SVX b-tagging algorithm and 7 of which had a b quark identified by the
SLT b-tagging algorithm. The estimated backgrounds for these two samples were
2.3+ 0.3 and 3.1 £ 0.3 events, respectively. A total of 2 candidate dilepton events
were discovered, with an estimated background of 0.5670%> events. By performing a
maximum likelihood fit on the 7 lepton+jets events with more than 3 jets, the top
quark mass was estimated to be m, = 174+10(stat.) 13 (syst.) GeV/c?. Using the
total number of candidate ¢t events, the estimated number of background events and
the known efficiency of the detector, the ¢f production cross section was determined
to be o7 = 13.97%% pb. The difference between the total number of candidate ¢t
events and the total number of expected background events was inconsistent with
background fluctuations by 2.8 standard deviations (o). This ”significance” was not
regarded as sufficient confirmation of the top quark’s existence. However, in December

of 1994 CDF presented results of an analysis[17]

which provided further evidence that
the data was more consistent with ## production than with direct QCD W + jets
production. The study used a 14 event subsample of the original 52 lepton+jets
event sample, containing jet kinematics highly uncharacteristic of QCD W + jets
production. Assuming a top quark mass of 170 GeV/c?, 8 of these 14 events were
found to be more consistent with ¢¢ production than with direct QCD W + jets
production. The probability that these events were due to an upward fluctuation in
the expected background was determined to be 0.8%.

The DO collaboration observed a total of 9 candidate ¢t events in 13.541.6 pb™" of
data collected during the same period of Tevatron operation used by CDF to obtain
its preliminary results. DO presented their initial ﬁndings[lg] in November of 1994.
Of the observed events, 1 was a candidate dilepton event and the remaining 8 were
candidate lepton+jets events. Of the lepton+jets events, 4 contained a jet associated
with b quark decay. The expected number of background events for the combined
tf sample was 3.8 £ 0.9 events. Assuming a top quark mass of 180 GeV/c* (160
GeV/c?), a tt production cross section of 8.2 £ 5.1 pb (9.2 4 5.7 pb) was calculated.
The significance of this data sample was determined to be 1.9 o, which was also

considered too small to fully verify the top quark’s existence.

20



In February of 1995, after having collected an additional 48 pb™! of data, the CDF

(191 60 its search for the top quark. The

collaboration presented an updated report
number of lepton-+jets candidate events containing 3 or more jets and least one b-tag
had increased to 37. In this sample, 21 events contained a total of 27 SVX-tagged jets
and 22 events contained a total of 23 SLT-tagged jets. Of these events, 6 contained
jets identified by both b-tagging algorithms. The numbers of b-tags expected from
background were 6.7+2.1 and 15.4£2.0 for the SVX-tagged and SLT-tagged samples,
respectively. The dilepton event sample increased to 6 events, with an estimated
background of 1.3+0.3 events. The entire data sample yielded a significance of 4.8 o,
thus providing strong confirmation of the top quark’s existence. Using the number of
SVX-tagged events, the t£ production cross section was calculated to be o, = 6.8758
pb. A subsample of 19 lepton+jets candidate events with an estimated background
contribution of 6.9723 events was used to calculate the top quark mass, with the
result: m, = 176 & 8(stat.) & 10(syst.) GeV/c?.

After collecting 50 pb™! of data the DO collaboration observed a total of 17 tt
candidate events. In February of 1995, D0 also presented an analysis of its improved

data set[QO}.

This data sample consisted of 14 lepton+jets events and 3 dilepton
events. Of the lepton+jets events, 6 contained b-tagged jets. The total expected
background for the entire data sample was 3.8 £ 0.6 events. The significance of
the signal was calculated to be 4.6 o thus providing additional convincing evidence
of the top quark’s existence. With this improved data set, DO calculated the ¢t
production cross section to be o, = 6.4 + 2.2 pb and the top quark mass to be
my = 199750 (stat.) + 22(syst.) GeV/c?.

The data collected by the CDF collaboration during the period of Tevatron op-
eration known as Run 1 (from August 1992 to July 1995) had a total integrated
luminosity of 10947 pb~t. A total of 83 candidate lepton+jets events with 4 or more
jets were obtained from the Run 1 data sample. After application of a standard y?
cut 76 of the events remained. These events were divided into four groups: Those
containing two SVX-tagged jets (5 events), those containing a single SVX-tagged jet
(15 events), those containing SLT-tagged jets but no SVX-tagged jets (14 events) and
those containing no b-tagged jets (42 events). The expected backgrounds for these
four categories were 5+ 3%, 13+5%, 40 £ 9% and 56 +15%, respectively and the top
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quark masses calculated for these categories were m, = 170.14£9.3 GeV/c?, 178.0+£7.9
GeV/c?, 14273 GeV/c? and 181.0 & 9.0 GeV/c?, respectively. By combining these
measurements, a top quark mass of m, = 175.9 4 4.8(stat.) + 4.9(syst.) GeV/c? was
measured in the lepton+jets channel and presented by CDF in September of 1997121,

CDF observed a total of 9 candidate dilepton events in the Run 1 data sample. Of
these events, 2.4+0.5 were expected to be background. Two different techniques were
used to calculate the top quark mass from these events. One technique estimated m;,
by comparing kinematical distributions from the data to the same distributions for
tt events generated by Monte Carlo simulations. The result for this technique was:
m, = 159 + 23(stat.) + 11(syst.) GeV/c?. The other technique worked in the rest
frame of the W boson and determined m; by measuring the total invariant mass of
the b quark and the charged lepton from W decay. The result for this method was:
m, = 163 £ 20(stat.) + 9(syst.) GeV/c®. These two techniques are briefly described
in section 6.3. The masses obtained by these methods were combined to yield a top
quark mass of m, = 161+ 17(stat.) +10(syst.) GeV/c?, which was published by CDF
in September of 1997221 Due to its large errors, this result was recently replaced by
the value m, = 167.4+10.3(stat.) & 4.8(syst.) GeV/c? which was obtained by a tech-
nique called the "neutrino weighting method”. The details of this new measurement

23] and a brief description of the

were submitted for publication in January of 1999
technique is presented in section 6.3.3. Two other analyses with errors comparable
to those obtained from the neutrino weighting method have recently been accepted
by CDF. One of them (briefly described in section 6.3.4) applied a lepton+jets mass
fitting technique that was appropriately modified for dilepton events. The other one
used the Dalitz-Goldstein mass fitting technique and is the main subject of this dis-
sertation.

In March of 1997 CDF presented a measurement of m; using candidate all-hadronic

241 Ap application of some standard kinematic

events from the Run 1 data sample
requirements yielded 187 candidate all-hadronic events, with an estimated background
of 164.8 + 1.2(param.) £ 10.7(syst.) events. The sample contained a total of 222 b-
tagged jets. Before calculation of m,, the final sample was reduced to 136 events by
requiring each event to have at least 6 or more jets, at least one of which was b-tagged.

This analysis calculated a top quark mass of m, = 1864 10(stat.) & 12(syst.) GeV /c?.
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To calculate the ¢t production cross section from Run 1 lepton+jets data, the
CDF collaboration used a data set containing 34 SVX-tagged events with a total of
42 SVX-tagged jets and 40 SLT-tagged events with a total of 44 SLT-tagged jets.
There was an overlap of 11 events between the SVX-tagged and SLT-tagged samples.
Assuming a top quark mass of m, = 175 GeV/c?, production cross sections of 6.27%1
pb and 9.2733 pb were measured for the SVX-tagged sample and the SLT-tagged
sample, respectively. The production cross section was also measured from the entire
Run 1 dilepton event sample, with the result: o, = 8.2737 pb. For the Run 1 all-
hadronic event sample a cross section of 9.6733 pb was calculated from the 187 events
that contain at least one SVX-tagged jet. A separate calculation using events with
at least two SVX-tagged jets (a total of 157 events) yielded a cross section of 11.577]
pb. In October of 1997 CDF announced a ¢ production cross section of o,z = 7.61%
pb when the results from all three channels are combined29].

During Run 1 the DO collaboration collected of total 125 pb~" of data. After appli-
cation of standard kinematic cuts there remained a total of 77 candidate lepton+jets
events, 5 of which contained soft muons identified with b quark decay. The expected
background for this sample was approximately 65%. Based on these events, D0 an-
nounced a top quark mass of m, = 173.345.6(stat.) =6.2(syst.) GeV/c? in March of
1997126 The total Run 1 data sample also yielded 6 candidate dilepton events, with
a background contribution of 23%. Application of a maximum likelihood technique
on this data (28] yielded a top quark mass of m; = 168.4 &+ 12.3(stat.) + 3.7(syst.)
GeV/c?. By combining the results found from the lepton+jets and the dilepton chan-
nels a top quark mass of m, = 172.0 & 7.5 GeV/c? was obtained. Using the entire
Run 1 data set and assuming a top quark mass of m, = 173.3 GeV/c?, a tt produc-
tion cross section of o7 = 5.5 £ 1.8 pb was calculated[27]. The latest DO results for
measurement of m; in the lepton-+jets channel and the dilepton channel have recently
been submitted for publication and can be found in references [29] and [30], respec-

31

tively. The tf production cross section has also been updated®*! and submitted for

publication.
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Chapter 2

Experimental Apparatus

The experimental apparatus required to create and detect the top quark events used
by this analysis is presented. First the pp collision process needed for the creation
of tt pairs is outlined. Then the detectors used by the CDF collaboration to record
data event kinematics are described. Finally, details about the collaboration’s on-line
system of data selection are presented. Note that since the collection of the data
used by this analysis, the experimental apparatus has been modified significantly in
preparation for the next period of data collection which is scheduled to begin in the
year 2000. This period (known as Run 2) will be marked by an approximately 100-
fold increase in instantaneous luminosity and an estimated 20-fold increase in data
collection by the CDF collaboration. Details about the necessary upgrades to the

experiment can be found in reference [32].

2.1 Particle Acceleration

To generate sufficient energy for the creation of massive particles like the top quark,
Fermi National Accelerator Laboratory (Fermilab) collided beams of protons with
beams of antiprotons at a total center-of-mass energy of /s = 1.8 TeV. Several
stages were used to create, store and accelerate the colliding particles so that this
energy could be achieved.

The first stage involved a Cockcroft-Walton electrostatic generator, which would
initiate the process by attaching some excess electrons to a collection of hydrogen
atoms. The resulting negative ions would then be introduced to a positive voltage
where they would be accelerated to an energy of 750 keV before exiting the generator.
For the second stage, the negative hydrogen ions from the Cockecroft-Walton would
enter a 150 m long linear accelerator called the Linac where their energy would be
increased to 400 MeV. Upon exiting the Linac the ions would be converted into
protons by passing through a carbon foil that removed their electrons. In the third,
stage the protons from the Linac would enter a 75 m radius rapid cycling synchrotron

called the Booster. Here the energy of the protons would be raised to 8 GeV and they
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would be injected in twelve bunches into a 6.3 km circumference proton synchrotron
called the Main Ring (which, in preparation for Run 2, has been replaced by another

particle accelerator called the Main Injector[33}).

In the fourth stage, the proton
bunches from the Booster would be recombined into a single bunch and accelerated
to an energy of 150 GeV in the Main Ring. For the final stage, the 150 GeV proton
bunch would enter another proton synchrotron called the Tevatron, a ring of 1,000
super-conducting magnets located directly below and in the same tunnel as the Main
Ring. The Tevatron would then accelerate the proton bunch to an energy of 900
GeV. To achieve full operation, these five stages would be repeated until there were
6 evenly spaced 900 GeV proton bunches circulating in the Tevatron.

To create an antiproton bunch, stages 1 to 3 would be repeated to form a proton
bunch in the Main Ring. After the bunch had attained an energy of 120 GeV it
would be extracted and transported to a fixed target area. The protons would then
be focused on a target where a large number of secondary particles, including antipro-
tons, would be created. The antiprotons would then be extracted and directed to a
Debuncher ring where their momentum would be reduced by the process of stochastic
cooling. Following this stage, they would be transferred to an accelerator called the
Accumulator ring for temporary storage. When enough antiprotons had been stored
they would be reinjected in 8 GeV bunches into the Main Ring, but in a direction
opposite to that of the protons. The antiproton bunches would then be recombined
into one bunch which would be accelerated to 150 GeV before being injected into
the Tevatron where it would reach an energy of 900 GeV. This procedure would be
repeated until there were six antiproton bunches in the Tevatron.

When the proton and antiproton bunches had each attained energies of 900 GeV
they would be focused for collision in two expermental areas located on the circum-
ference of the Tevatron. These two locations are referred to as the Collider Detector
at Fermilab (or the CDF detector) and the DO detector. This analysis uses data that
was collected by the CDF detector during the period of Tevatron operation known
as Run 1. This run is divided into two parts called Run 1A and Run 1B. The total
integrated luminosity for Run 1A (August 1992 - May 1993) was 19.3 pb ' and the
total integrated luminosity for Run 1B (January 1994 - July 1995) was 90.1 pb~'. An

overhead view of Fermilab’s Run 1 particle accelerator is shown in figure 2.1.
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Figure 2.1: Fermilab’s Run 1 particle accelerator (looking south).

2.2 CDF Detector

The CDF detector used for Run 134 consisted of a collection of charged-particle
tracking chambers, sampling calorimeters, particle absorbers and muon detectors
that were designed to cover a large fraction of the solid angle around the nominal
interaction region. A description of the detector is presented here. See appendix A
for explanation of the standard coordinates (x, y, z, r, ¢, 8 and 1) used to designate
location within the detector. See appendix B for the definitions of some standard
CDF kinematic variables (Pr, E7 and ET) that are frequently mentioned in this dis-
sertation. General descriptions of basic detector elements discussed in this section
(e.g. calorimeters, scintillators and drift chambers) can be found in references [35]
and [36]. A cross-sectional view of one quadrant of the Run 1 CDF detector is shown

in figure 2.2 (A similar diagram is shown in Appendix A).

2.2.1 Tracking Chambers

Concentric to the beam line and centered at z = 0 was a super-conducting solenoid of
length 4.8 m and radius 1.5 m that generated a 1.4-T magnetic field. It surrounded
three tracking chambers that were used to detect charged particles and measure their

momenta.
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Figure 2.2: A cross-sectional view of one quadrant of the Run 1 CDF detector.

A 1.9 m long evacuated beryllium beampipe surrounded the beam line in the
vicinity of the interaction region. Surrounding the beampipe was a four-layer silicon
microstrip vertex detector (SVX). The SVX used for Run 1A is described in reference
[37]. The SVX was 51 cm long and had a radius of 7.87 cm. Due to the spread of
interactions along the beam line (see appendix A) the SVX geometrical acceptance
was approximately 60%. The SVX was symmetric about z = 0 and consisted of two
identical cylindrical modules each of which were divided into four layers radially and
12 wedges azimuthally. Each radial layer of a given wedge consisted of three silicon
microstrip detectors that were parallel to the beam line. 60 um pitch axial readout
strips on the first three radial layers and 55 um pitch axial readout strips on the
outermost radial layer provided precision track reconstruction in the plane transverse
to the beam. FEach wedge contained 15 readout chips and each readout chip was
connected to 128 readout strips (channels) for a total of 46080 channels. According
to Run 1A data measurements the SVX single-hit resolution was ¢ = 13m and the

[16]

impact parameter resolution for high momentum particles was ¢ = 17 pm!**!. During
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Run 1A, radiation damage to the readout chips caused a significant degradation of
SVX performance. For example, on the innermost layer the average analogue pulse
size from a particle divided by the the noise level decreased from 9 to 6 over the course
of the run (161, Consequently, for Run 1B the SVX was replaced with an upgraded
module8 called the SVX’. The SVX’ was very similar in design to the SVX, but
with the following major improvements: (1) the silicon microstrips were AC coupled
to reduce leakage current and noise, (2) the readout chips were made more resistant
to radiation and (3) the radius of the innermost radial layer was reduced from 3.00 cm
to 2.86 cm to increase the geometrical acceptance. For CDF top quark searches the
SVX has provided precision secondary vertex information for the detection of long-
lived particles like the bottom quark (see section 4.3). Figure 2.3 shows a schematic

of an SVX module.
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Figure 2.3: Schematic of an SVX module.
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Surrounding the SVX was a vertex drift chamber (VTX)[39} which was intended
to provide tracking information up to a radius of 22 cm in the pseudorapidity range
In| < 3.25. The VTX was segmented into 8 identical modules along the z direction.
The endcaps of each module were divided azimuthally into 8 wedges. Each wedge
contained wires that were perpendicular to both the beam line and the center line of
the wedge. Wire position and drift times were used to obtain track information in
the r — z view. Tracks that were reconstructed by the VTX were used to measure the
pp interaction vertex along the z-axis with a resolution of 1 mm.

The third tracking chamber layer was the central tracking chamber (CTC)VLO}
which was 3.2 m long and had an outer radius of 1.32 m. It consisted of 84 concentric
cylindrical layers of sense wires that used charged-particle tracking to reconstruct the
particle track and to determine its momentum. Information in the r — ¢ plane was
provided by 5 axial superlayers, each containing 12 layers of sense wires that were
parallel to the beam direction. The r — z information was measured using 4 stereo
superlayers, each containing 6 layers of sense wires that were tilted at £3° relative
to the beam direction. The sense wire layers in each superlayer were segmented az-
imuthally into separate drift cells each containing a single line of sense wires. The cells
were tilted at an angle of 45° with respect to the radial direction to compensate for
the Lorentz angle of drift electrons caused by the crossing of the solenoidal magnetic
field with the drift electric fields of the CTC. The transverse momentum resolution
of the CTC was 6 Pr/Pra0.002, where Py is in units of GeV/c. Combining both
SVX and CTC information the transverse momentum resolution was 0 Pr/Pr=20.001.

Figure 2.4 shows a cross-sectional view of the CTC and its 12 layers of sense wires.

2.2.2 Calorimeters

The solenoid was surrounded by several layers of calorimetry, which covered the full
azimuthal range and a pseudorapidity range of || < 4.2. The calorimeters were
segmented into towers that projected out from the nominal interaction point (z = 0)
and whose geometry is most naturally described in terms of the coordinates (¢, 7).
The calorimeters were divided in 7 into three sections that are referred to as the
central, plug and forward regions. Each region had an electromagnetic calorimeter

layer followed by an hadronic calorimeter layer. The central region consisted of the
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Figure 2.4: Cross-sectional view of the Central Tracking Chamber.

central electromagnetic calorimeter!41] (CEM) and a hadronic calorimeter/?) that
was divided into two parts, the central hadronic calorimeter (CHA) and the wall
hadronic calorimeter (WHA). Similarly, The plug and forward regions consisted of
the calorimeters (PEM,PHA)[43] and (FEM,FHA)[44], respectively. Table 2.1 shows

[16]. In

the n range, energy resolution and thickness of the calorimetry components
this table X, stands for "radiation length”, A\, stands for ”interaction length” and
the symbol, @, implies addition in quadrature.

The central towers were 15° wide in ¢ and 0.1 units wide in . The CEM (CHA)

used alternating layers of lead (steel) absorber and polystyrene (acrylic) scintillator
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System Range Energy Resolution Thickness

CEM In[ < 1.1 13.7%/VEr © 2% 18 X,
PEM 1.1< |n <24 22%/VE @ 2% 18 — 21 X,
FEM 2.2 < |n| < 4.2 26%/VE @ 2% 25 X,
CHA In] < 0.9 50%/VEr © 3% 4.5 Ao
WHA 0.7<|n <13 5%/VE © 4% 4.5 N
PHA 1.3 < |n| <24 106%/VE & 6% 5.7 N\
FHA 2.4 < |n| < 4.2 137%/VE & 3% 7.7 o

Table 2.1: Properties of the calorimetry components used by the Run 1 CDF detector.

with phototube readout. Between the solenoid and the CEM there lay a set of pro-
portional chambers referred to collectively as the central preradiator detector (CPR).
The CPR provided r — ¢ information on the early development of electromagnetic
showers. In the CEM, at a radial distance of about six radiation lengths away from
the CPR, lay a collection of proportional chambers with strip and wire read